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Abstract. 
 
We have cloned and characterized members 
of a novel family of proteins, the GGAs. These proteins 
 
contain an NH
 
2
 
-terminal VHS domain, one or two 
coiled-coil domains, and a COOH-terminal domain ho-
mologous to the COOH-terminal “ear” domain of 
 
g
 
-adaptin. However, unlike 
 
g
 
-adaptin, the GGAs are not 
associated with clathrin-coated vesicles or with any of 
the components of the AP-1 complex. GGA1 and 
GGA2 are also not associated with each other, al-
though they colocalize on perinuclear membranes. Im-
munogold EM shows that these membranes correspond 
to trans elements of the Golgi stack and the TGN. GST 
pulldown experiments indicate that the GGA COOH-
terminal domains bind to a subset of the proteins that 
 
bind to the 
 
g
 
-adaptin COOH-terminal domain. In yeast 
there are two 
 
GGA
 
 genes. Deleting both of these genes 
results in missorting of the vacuolar enzyme carboxy-
peptidase Y, and the cells also have a defective vacuolar 
morphology phenotype. These results indicate that the 
function of the GGAs is to facilitate the trafﬁcking of 
proteins between the TGN and the vacuole, or its mam-
malian equivalent, the lysosome.
Key words: GGA • AP-1 • vesicle coat • membrane 
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Introduction
 
The major components of clathrin-coated vesicles are
clathrin and adaptor or AP complexes. The clathrin pro-
vides the scaffold that deforms the membrane into a vesi-
cle, while the adaptor complexes select the vesicle cargo
and also recruit accessory proteins to the site of vesicle
formation. There are two adaptor complexes associated
with clathrin: AP-1, which is found at the TGN, and AP-2,
which is found at the plasma membrane. More recently,
two additional AP complexes have been described, AP-3
(Simpson et al., 1996; Dell’Angelica et al., 1997) and AP-4
(Dell’Angelica et al., 1999; Hirst et al., 1999). All four AP
complexes are heterotetramers: AP-1 contains the sub-
units 
 
g
 
, 
 
b
 
1, 
 
m
 
1, and 
 
s
 
1; AP-2 contains 
 
a
 
, 
 
b
 
2, 
 
m
 
2, and 
 
s
 
2;
AP-3 contains 
 
d
 
, 
 
b
 
3, 
 
m
 
3, and 
 
s
 
3; and AP-4 contains 
 
e
 
, 
 
b
 
4,
 
m
 
4, and 
 
s
 
4. The four subunits in the four complexes show
homology to their counterparts in the other three com-
plexes, but in the case of the 
 
g
 
, 
 
a
 
, 
 
d
 
, and 
 
e
 
 subunits, the ho-
mology is restricted to the first 600 amino acids. This
conserved NH
 
2
 
-terminal domain is followed by a hinge
domain of 100–200 amino acids, and then by a completely
divergent COOH-terminal appendage or “ear” domain of
100–300 amino acids (Hirst and Robinson, 1998). It is this
ear domain that recruits accessory proteins from the cyto-
sol onto the membrane where they facilitate coated vesicle
formation. Most of the information about accessory pro-
teins has come from studies on AP-2, where several pro-
teins have been shown either to bind directly to the ear do-
main of 
 
a
 
-adaptin or to interact with one of the ear
domain binding partners (Marsh and McMahon, 1999).
The functions of some of these proteins are beginning to
be elucidated, and there is evidence that the proteins may
act at different stages of the coated vesicle cycle to drive
the process forward (Simpson et al., 1999).
Although less is known about the requirements for
clathrin-coated vesicle formation at the TGN, it is likely
that accessory proteins are also recruited onto the mem-
brane by AP-1. To date, only one such protein has been
identified, 
 
g
 
-synergin, which binds directly to the ear do-
 
J
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main of 
 
g
 
-adaptin (Page et al., 1999). Like Eps15, 
 
g
 
-syner-
gin is an EH
 
1
 
 (for Eps15 homology) domain-containing
protein, and by analogy to Eps15 and other EH domain-
containing proteins, the EH domain of 
 
g
 
-synergin probably
binds to an as yet unidentified additional accessory pro-
tein(s) containing the tripeptide NPF (Salcini et al., 1997).
Given the similarities in subunit composition and function
between the four AP complexes, it seems likely that for AP-3
and AP-4 there also exists a set of accessory proteins.
While we were searching through the EST database for
homologues of adaptor subunits, we found several se-
quences that showed significant homology to the ear do-
main of 
 
g
 
-adaptin. This homology was restricted to the last
120–130 amino acids, which includes the 
 
g
 
-synergin bind-
ing site. The NH
 
2
 
-terminal regions of the novel sequences
contain a motif called a VHS domain (Lohi and Lehti,
1998), which has been found in a number of proteins, some
of which have been implicated in membrane traffic. The
first three VHS domain-containing proteins to be identi-
fied were Vps27p, Hrs, and STAM. Vps27p is a yeast pro-
tein required for vacuolar protein sorting (Piper et al.,
1995). Hrs is a FVYE zinc finger-containing protein, origi-
nally identified as a hepatocyte growth factor-regulated ty-
rosine kinase substrate, which is associated with transfer-
rin receptor-containing endosomes (Komada et al., 1997).
STAM was identified as a signal transducing adaptor mol-
ecule. It is phosphorylated in response to interleukin-2 and
it is a potential binding partner for Hrs (Asao et al., 1997).
Another VHS domain-containing protein, EAST, was
identified as an epidermal growth factor receptor-associ-
ated protein with SH3 and TAM domains. It is a sub-
strate for the EGF receptor and it also binds to Eps15
(Lohi et al., 1998). The function of the VHS domain is still
unknown.
We have cloned and characterized three novel mamma-
lian proteins that contain both a 
 
g
 
-adaptin ear homology
domain and a VHS domain. While this manuscript was in
preparation, we found out that Boman et al. (2000) had
independently cloned these same proteins in a two-hybrid
library screen for ARF-binding proteins; and after our
manuscript had been submitted, we discovered that
Dell’Angelica et al. (2000) had also independently cloned
these proteins. Our laboratories have agreed to call the
proteins GGAs (pronounced Gigas), for Golgi-localized,
 
g
 
 ear-containing, ARF-binding proteins. In addition to
the three mammalian GGAs, we have also identified two
members of this family in the budding yeast 
 
S
 
.
 
 cerevisiae
 
.
Like the mammalian GGAs, the yeast proteins also con-
tain a 
 
g
 
-adaptin ear homology domain and a VHS do-
main. Deletion of the two 
 
GGA
 
 genes in yeast has pro-
vided further insights into the function of the GGA
protein family.
 
Materials and Methods
 
Cloning and Sequencing
 
Several sequences within the EST database were identified that had sig-
nificant homology to the COOH-terminal ear domain of 
 
g
 
-adaptin.
Clones were obtained from the IMAGE Consortium, sequenced, and ex-
pressed as recombinant fusion proteins for the production of antibodies.
Most molecular biology techniques were carried out as described by Sam-
brook et al. (1989). Two human ESTs encoding GGA1 were identified
(IMAGE Consortium Clone ID 127720 and 129926), but both were found
to be missing the 5
 
9
 
 end. Thus, a human heart cDNA library (Clontech)
was screened with a PCR fragment from one of the clones, and the library
clone was ligated to EST127720 through a unique SmaI site to obtain a
clone encoding the full-length protein. GGA2 was identified as a human
retina EST (IMAGE Consortium Clone ID 363745). Sequencing indi-
cated that this clone contained the full open reading frame. GGA3 was
identified as a human testis EST (IMAGE Consortium Clone ID 728294),
which encodes the COOH-terminal end of the protein. The full-length se-
quence of GGA3 is now available in the nonredundant database (Gen-
Bank/EMBL/DDBJ accession number D63876; Nagase et al., 1995). Se-
quencing of all clones was carried out by John Lester (University of
Cambridge, UK) on an automated ABI sequencer. The entire coding se-
quence was read in both directions.
 
Antibody Production
 
To construct glutathione S-transferase (GST) fusion proteins of GGA1
and GGA2, amino acids 289–508 and 567–639 of GGA1, and 305–482 of
GGA2, were amplified by PCR and ligated into pGEX-4T-1 (Pharmacia
Biotech), and expression of the fusion protein was induced in MC1061
cells. The GGA1 fusion proteins were both partially soluble and were pu-
rified using glutathione-Sepharose affinity chromatography (Pharmacia
Biotech). The GGA2 fusion protein was found to be insoluble and was
purified from inclusion body preparations as previously described (Page
and Robinson, 1995). In each case the antigens were injected into pairs of
rabbits. The immunization protocol and affinity purification of the result-
ing antisera were performed as described by Page and Robinson (1995).
Because of the possibility that the antiserum raised against the COOH-
terminal portion of GGA1 might cross-react with related sequences in
other proteins, after affinity purification this antiserum was adsorbed with
fusion proteins made from the COOH-terminal domains of GGA2 (pre-
pared as above and containing amino acids 454–613) and of 
 
g
 
-adaptin (de-
scribed by Seaman et al., 1996).
 
Expression of Epitope-tagged GGA2
 
An epitope-tagged version of full-length GGA2 was constructed by the in-
sertion of the 8 amino acid (DYKDDDDK) FLAG tag at the COOH ter-
minus and ligation into the vector pSTAR, which contains a tetracycline-
inducible promoter. Transfection of normal rat kidney (NRK) fibroblasts
was performed using Fugene reagent (Life Technologies Inc.), and stably
transfected cells were selected with G418 (Boehringer Mannheim Corp.).
Expression of the epitope-tagged GGA2 was induced by the overnight ad-
dition of 10 mM deoxycycline to the culture medium. By immunofluores-
cence, 
 
.
 
90% of transfected NRK cells stained positive with M5, an mAb
against the FLAG epitope (Sigma Chemical Co.).
 
Immunoprecipitations and Western Blotting
 
Immunoprecipitations were carried out on HeLa cell extracts under non-
denaturing conditions, as previously described (Hirst et al., 1999; Page
et al., 1999). Clathrin-coated vesicles were purified from rat liver as de-
scribed by Manfredi and Bazari (1987). For gel filtration, pig brain cytosol
was prepared by homogenizing 1 g pieces of pig brain in 2 ml cytosol
buffer (25 mM Hepes-KOH, pH 7.0, 125 mM potassium acetate, 2.5 mM
magnesium acetate, 1 mM dithiothreitol and 1 mg/ml glucose) and frac-
tionated on a Superose 6 100-ml column as described by Stamnes and
Rothman (1993). The column was calibrated with 
 
b
 
-amylase (200 kD), al-
bumin (66.2 kD), and carbonic anhydrase (29 kD; Sigma Chemical Co.).
Samples were subjected to SDS-PAGE and Western blots probed with
various antibodies, followed by 
 
125
 
I-protein A as previously described
(Hirst et al., 1999).
 
1
 
Abbreviations used in this paper:
 
 CPY, carboxypeptidase Y; EAST, epi-
dermal growth factor receptor-associated protein with SH3 and TAM
domains; EH, Eps15 homology; GGAs, Golgi-localized, 
 
g
 
 ear-contain-
ing, ARF-binding proteins; Hrs, hepatocyte growth factor-regulated ty-
rosine kinase substrate; MALDI, matrix assisted laser desorption ioniza-
tion; NRK, normal rat kidney; STAM, signal transducing adaptor
molecule; VHS domains, domains containing proteins Vps27p, Hrs, and
STAM.  
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Immunofluorescence and Immunoelectron Microscopy
 
NRK cells, either nontransfected or stably expressing FLAG-tagged hu-
man GGA2, were fixed with 3% paraformaldehyde, followed by 0.1% sa-
ponin as previously described (Seaman et al., 1993). For some experi-
ments, the cells were treated with 100 
 
m
 
g/ml brefeldin A (BFA; Sigma
Chemical Co.) for 2 min before fixation. The cells were then labeled with
either mouse anti-FLAG or rabbit anti-GGA1, either alone, together with
each other, or together with other antibodies, including rabbit anti–
 
g
 
-adap-
tin (Seaman et al., 1996), rabbit anti–
 
g
 
-synergin (Page et al., 1999), and
mouse anti-TGN38 (2F7.1, a gift from George Banting, University of Bris-
tol, Bristol, UK). The secondary antibodies used were fluorescein-conju-
gated goat anti–rabbit IgG and Texas red-conjugated goat anti–mouse
IgG (Molecular Probes).
For immunoelectron microscopy, NRK cells were fixed either intact or
after permeabilization by immersion in liquid N
 
2
 
 and incubation with pig
brain cytosol plus ATP, an ATP regenerating system, and GTP
 
g
 
S, as pre-
viously described (Seaman et al., 1993; Simpson et al., 1996). Frozen ul-
trathin sections were labeled with rabbit anti-GGA1, followed by protein
A-gold and observed in a Philips CM100 transmission electron micro-
scope.
 
GST Pulldown Experiments
 
For GST pulldown experiments, three GST fusion proteins were con-
structed as described above. GST-GGA1 contains amino acids 468–639 of
human GGA1, GST-GGA2 contains amino acids 454–613 of human
GGA2, and GST-
 
g
 
 contains amino acids 706–823 of mouse 
 
g
 
-adaptin
(Seaman et al., 1996). All of the constructs were soluble and were pre-
pared as previously described (Page and Robinson, 1995). Pulldowns were
carried out essentially as described by Page et al. (1999), using pig brain
cytosol prepared in PBS containing 0.1% NP-40 and a protease inhibitor
cocktail (Complete Mini), at a protein concentration of 1.5 mg/ml. Bound
proteins were eluted with SDS-PAGE sample buffer and subjected to
SDS-PAGE. Gels were either stained with Coomassie blue for matrix as-
sisted laser desorption ionization (MALDI) mass spectrometry or trans-
ferred to nitrocellulose for Western blotting. Further details are available
at http://www.jcb.org/cgi/content/full/149/1/67/DC1 as supplemental infor-
mation.
 
Yeast Knockout and Rescue Experiments
 
The 
 
GGA
 
-deficient strains were constructed in the YPH500 strain (Sikor-
ski and Hieter, 1989) using a PCR-based method. Primers were designed
to flank the open reading frame of 
 
GGA1
 
 or 
 
GGA2
 
 with 30 complemen-
tary base pairs, in addition to 25 base pairs of sequence complementary to
a selectable marker. The resulting PCR products contained 
 
URA3
 
 or
 
HIS3 
 
flanked by 30 base pairs of either 
 
GGA1
 
 or 
 
GGA2
 
, respectively.
The PCR products were transformed into either the wild-type haploid
yeast strain, YPH500, or JH2 (see Table I). Transformants were selected
by growth on 
 
2
 
ura or 
 
2
 
his plates. Deletion of the gene was confirmed by
PCR on genomic DNA prepared from the transformants.
For rescue experiments, wild-type 
 
GGA1
 
 and 
 
GGA2
 
 were cloned by
PCR from genomic DNA prepared from YPH500. BamHI and PstI re-
striction sites in the primers allowed for rapid cloning into the CEN vec-
tors pRS414 (for 
 
GGA1
 
) and pRS415 (for 
 
GGA2
 
), allowing the two genes
to be expressed under their own promoters at approximately endogenous
levels. These constructs were transformed into the JYY3 
 
gga1
 
D
 
/gga2
 
D
 
strain, as well as control strains, and the transformants selected on 
 
2
 
trp or
 
2
 
leu plates. Rescue of the JHY3 strain by a mammalian GGA was also
tested, using mammalian GGA2 expressed via the 
 
VPS5
 
 promoter. Prim-
ers were designed to amplify the full open reading frame of human
GGA2, incorporating the restriction sites NcoI and XhoI. The resulting
PCR product was cloned into 
 
VPS5
 
-424, replacing the 
 
VPS5
 
 coding re-
gion with the mammalian cDNA. This construct was transformed into the
 
gga1
 
D
 
/gga2
 
D
 
 strain, as well as control strains, and the transformants were
selected on 
 
2
 
trp plates.
The single and double knockout strains were first tested for their ability
to sort and process carboxypeptidase Y (CPY), using the CPY sorting as-
say described by Seaman et al. (1997). To investigate the distribution of
Vps10p in the different strains, yeast cells were transformed with the
multi-myc tagged Vps10p construct (Cereghino et al., 1995), fixed, sphero-
plasted, and labeled with a mouse monoclonal anti-myc antibody (Sigma
Chemical Co.), followed by Texas red-conjugated goat anti–mouse IgG
(Molecular Probes). FM4-64 (Molecular Probes) uptake experiments
were performed as described by Vida and Emr (1995).
 
Online Supplemental Information
 
The online version of this article includes text and figures that accompany
the information presented here and is available at http://www.jcb.org/cgi/
content/full/149/1/67/DC1. 
 
Results
 
Identification of a Novel Family of Proteins
 
In a search for novel proteins related to AP components,
sequences were identified within the nonredundant and
EST databases that showed significant homology to the
COOH-terminal ear domain of 
 
g
 
-adaptin, although their
NH
 
2
 
-terminal sequences showed no homology to any of
the AP subunits. However, the NH
 
2
 
 termini of these pro-
teins showed homology to several other proteins, all of
which contain a recently described motif known as a VHS
domain (Lohi and Lehti, 1998), and a Pfam search re-
vealed that the 
 
g
 
-adaptin–related proteins also contain
VHS domains. There are at least three such proteins in hu-
mans, encoded by different genes: GGA1, GGA2, and
GGA3. A full-length sequence of GGA3 is present in the
nonredundant database (GenBank/EMBL/DDBJ acces-
sion number D63876; Nagase et al., 1995), while we ob-
tained full-length sequences of GGA1 and GGA2 from
ESTs and library clones. Fig. 1 a shows the sequences and
alignments of GGA1, GGA2, and GGA3. Their predicted
sizes are 70, 67, and 74 kD, respectively. GGA1 and
GGA2 are 45% identical, while GGA3 is 45% identical to
GGA1 and 35% identical to GGA2. Fig. 1 b shows an
alignment of the VHS domain of human GGA1 with the
VHS domains of Hrs, Vps27p, and STAM, while Fig. 1 c
shows an alignment of the COOH-terminal region of
GGA1 with the ear domains of two mammalian 
 
g
 
-adap-
tin isoforms, 
 
g
 
1 and 
 
g
 
2, and the putative 
 
g
 
-adaptin in 
 
S
 
.
 
cerevisiae
 
, Apl4p. Similar alignments were obtained with
GGA2 and GGA3 (data not shown). GGA1 can be seen
to have a typical VHS domain, and the homology with the
 
g
 
-adaptin COOH terminus extends over the entire ear do-
main.
In addition to the VHS domain at the NH
 
2 
 
terminus and
the 
 
g
 
-adaptin ear homology domain at the COOH termi-
nus, all three proteins contain either one or two predicted
coiled coil domains downstream from the VHS domain,
followed by a variable domain, where the proteins show
little or no homology with each other. However, the amino
acid content of the variable domains is similar to that of
the adaptin hinge domains, containing a high proportion
of hydrophilic amino acids, prolines, and alanines. This
suggests that the variable domain may function as a flexi-
ble stalk or hinge, connecting the conserved NH
 
2
 
-terminal
and COOH-terminal domains to each other, in the same
 
Table I. Strains Used
 
Strain Genotype Source
 
YPH500
 
MAT
 
a
 
 ura3-52 leu2 his3-
 
D
 
200 lys2 ade2 trp1
 
R. Duden
JHY1
 
YPH500 gga1
 
D
 
::URA3
 
This study
JHY2
 
YPH500 gga2
 
D
 
::HIS3
 
This study
JHY3
 
JHY2 gga1
 
D
 
::URA3 
 
This study
EMY18
 
SEY6210 vps35
 
D
 
::HIS3
 
M. Seaman 
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way that the adaptin ears are connected by hinges to the
core or “head” of the AP complex. The three GGAs are
shown diagrammatically in Fig. 1 d.
 
Biochemical Characterization of GGA1 and GGA2
 
To characterize GGA1 and GGA2 further, we raised poly-
clonal antibodies against fragments of the proteins ex-
pressed as GST fusion proteins. On Western blots of
whole HeLa cell extracts, the antibodies against GGA1
recognized a band with an apparent molecular weight of
85 kD, whereas the GGA2-specific antibodies recognized
a band with an apparent molecular weight of 67 kD; thus,
GGA1 runs slightly more slowly than predicted from its
amino acid content, while GGA2 runs in the expected po-
sition (Fig. 2 a).
Because AP-1 is associated with clathrin-coated vesicles,
we next investigated whether GGA1 and GGA2 are also
associated with clathrin-coated vesicles. For this experi-
ment, equal protein loadings of clathrin-coated vesicles
purified from rat liver and a crude microsomal membrane
fraction from an earlier stage in the preparation were sub-
jected to SDS-PAGE, and Western blots were probed
with antibodies specific for the AP-1 subunits, 
 
g
 
-adaptin
and 
 
m
 
1; for the AP-2 subunit m2; for the AP-4 subunit e;
and for the AP-1 accessory protein g-synergin; as well as
for GGA1 and GGA2 (Fig. 2 b). As expected, e was de-
pleted from clathrin-coated vesicles, since AP-4 is not as-
sociated with clathrin (Hirst et al., 1999), while g-adaptin,
m1, m2, and g-synergin were all enriched. However, the an-
tisera raised against GGA1 and GGA2 were unable to de-
tect bands in the clathrin-coated vesicle preparation, al-
though they labeled bands of the appropriate sizes in the
microsome samples. Thus, despite their homology to g-adap-
tin, GGA1 and GGA2 do not appear to be associated with
clathrin-coated vesicles.
To determine whether GGA1 and GGA2 are associated
with the AP-1 complex or with any of its subunits, native
immunoprecipitation experiments were performed. Fig. 2
c shows the results of one such experiment. HeLa cell ex-
tract was immunoprecipitated under nondenaturing condi-
tions with anti-g, anti-GGA1, and anti-GGA2, as well as
with anti-e as a control. The immunoprecipitates were sub-
jected to SDS-PAGE, blotted onto nitrocellulose, and
probed with antibodies specific for e, g, b1, m1, s1, g-syn-
ergin, GGA1, and GGA2. The results show that, as ex-
pected, anti-g brings down all the subunits of the AP-1
complex, as well as g-synergin. However, g does not co-
precipitate with either GGA1 or GGA2. Conversely, anti-
bodies against GGA1 and GGA2 do not bring down the
other GGA, g-synergin, or any of the subunits of the AP-1
adaptor complex. These results indicate that GGA1 and
GGA2 do not associate with each other or with the AP-1
complex.
Figure 1. Sequences, alignments, and domain organization of human GGAs. a, The complete protein sequences of the three mamma-
lian GGAs. GGA1 and GGA2 are 45% identical to each other, and 45 and 35% identical, respectively, to GGA3. These sequence data
are available from GenBank/EMBL/DDBJ under accession numbers AF233521 (GGA1), AF233522 (GGA2), and D63876 (GGA3; the
GGA3 sequence was entered into the database by Nagase et al., 1995). b, Comparison of the VHS domain of GGA1 with the VHS do-
mains of Hrs, Vps27p, and STAM. GGA1 can be seen to have a typical VHS domain. c, Comparison of the COOH terminus of GGA1
with the COOH termini of the two mammalian g-adaptin isoforms, g1 and g2, and the putative g-adaptin homologue in S. cerevisiae,
Alp4p. All four proteins can be seen to have related COOH-terminal ear domains. d, Schematic diagram of GGA1, GGA2, and GGA3,
showing the positions of the VHS domain, the coiled coil domains (CC), the central variable region, and the g-adaptin ear homology do-
main.Hirst et al. Proteins with g-Adaptin and VHS Domains 71
To investigate the possibility that GGA1 and GGA2
form a complex with as yet unidentified proteins, pig brain
cytosol was fractionated by gel filtration on a Superose 6
column. The column fractions were subjected to SDS-
PAGE and Western blots were probed with anti-m1, anti-
GGA1, and anti-GGA2 (Fig. 2 d). m1 was detected in frac-
tions 51–63, peaking at fraction 57, which corresponds to
.200 kD, consistent with its native molecular weight of
263 kD as a component of the AP-1 complex. In contrast,
GGA1 and GGA2 were detected in fractions 63–67, with a
peak corresponding to an apparent size of z75 kD. These
results further support the claim that the GGAs do not as-
sociate with AP-1, and also indicate that the GGAs are not
part of a large protein complex.
Localization of GGA1 and GGA2
The antibodies raised against GGA1 and GGA2 were
used for immunofluorescence to determine the distribu-
tion of the protein in intact cells. The GGA1-specific anti-
bodies were found to label a discrete pattern of dots in the
perinuclear region of the cell (Fig. 3 a). This distribution is
similar to that of g-adaptin or g-synergin; however, both
g-adaptin and g-synergin are found not only on the TGN,
but also on more peripheral membranes that have been
shown to correspond to early and/or recycling endosomes
(Futter et al., 1998), while GGA1 has a more restricted
perinuclear distribution. The antibodies raised against
GGA2 were also found to label punctate structures in the
perinuclear region of the cell, as well as a grainy back-
ground (data not shown). To improve the signal relative to
background labeling, we inserted an 8 amino acid FLAG
tag into the COOH-terminal end of full-length human
GGA2 and expressed the construct in NRK cells. By im-
munofluorescence, the anti-FLAG staining was localized
exclusively to punctate structures in the perinuclear re-
gion, without the grainy background (Fig. 3 b).
The AP-1 complex, like a number of other coat proteins,
requires the small GTPase ARF to associate with mem-
branes (Stamnes and Rothman, 1993; Seaman et al., 1996)
and rapidly becomes cytosolic if cells are treated with
BFA (Robinson and Kreis, 1992), which inhibits ARF
guanine nucleotide exchange factor(s) (Peyroche et al.,
1996). Similarly, both endogenous GGA1 (Fig. 3 c) and
FLAG-tagged GGA2 (Fig. 3 d) become cytosolic rather
than membrane-associated after treating cells with BFA
for 2 min. This rapid response indicates that GGA1 and
GGA2 cycle on and off the membrane in an ARF-depen-
dent manner.
Although GGA1 and GGA2 have similar immunofluo-
rescence patterns and are both BFA-sensitive, they do not
coimmunoprecipitate, indicating that they are not associ-
ated with each other. To determine whether the two pro-
teins colocalize, NRK cells stably transfected with FLAG-
tagged GGA2 were double-labeled with anti-FLAG and
anti-GGA1. Fig. 3, e and f, shows that the double-labeling
patterns are largely coincident, indicating that GGA1 and
GGA2 are associated with the same membranes and that
they may function together in the same pathway(s).
Cells were also double-labeled with antibodies against
FLAG-tagged GGA2 or endogenous GGA1, together with
antibodies against g-adaptin,  g-synergin, and TGN38.
Fig. 4 shows that GGA1 and GGA2 have very similar dis-
tributions to all three of these proteins, all of which are lo-
calized at least partially to the TGN. However, there are
subtle differences in the labeling patterns. Thus, FLAG-
tagged GGA2 (Fig. 4 a) is more strictly perinuclear than
Figure 2. Biochemical characterization of GGA1 and GGA2. a,
Western blots of whole HeLa cell extracts probed for GGA1 and
GGA2. Two GGA1 antibodies were used, one raised against the
COOH-terminal ear domain (anti-E) and one against the central
variable region (anti-V). The GGA2 antibody was raised against
the variable region. The GGA1 antibodies label a band with an
apparent molecular weight of 85 kD, while the GGA2 antibody
labels a band with an apparent molecular weight of 67 kD. b,
Equal protein loadings of clathrin-coated vesicles purified from
rat liver and a crude microsomal fraction from a previous stage in
the preparation were subjected to SDS-PAGE, followed by
Western blotting. The blot shows that the g and m1 subunits of
the AP-1 complex and the m2 subunit of the AP-2 complex, as
well as the g-adaptin binding protein g-synergin, are strongly en-
riched in clathrin-coated vesicles, whereas the e subunit of the
AP-4 complex, GGA1, and GGA2 are not. c, Cytosol was pre-
pared from HeLa cells and immunoprecipitated under nondena-
turing conditions using affinity-purified antibodies raised against
GGA1, GGA2, the AP-4 e subunit, and the AP-1 g subunit.
Western blots of the immunoprecipitates were probed with anti-
bodies against e, g, b1, m1, s1, g-synergin, GGA-1, and GGA-2.
The results show that GGA1 and GGA2 do not associate with
each other or with the AP-1 complex. c, Pig brain cytosol was
fractionated on a Superose 6 column and Western blots of the
odd-numbered fractions were probed with antibodies against the
m1 subunit of AP-1, GGA1, and GGA2. AP-1, as marked by m1,
eluted in fractions corresponding to .200 kD, whereas GGA1
and GGA2 eluted in similar positions in fractions corresponding
to z75 kD.The Journal of Cell Biology, Volume 149, 2000 72
g-adaptin (Fig. 4 b), and the actual pattern of dots is distinct
from that of g-adaptin, although the two are in close prox-
imity (Fig. 4, a and b). Similar results were obtained when
COS cells were double-labeled with anti-GGA1 and the
g-adaptin mAb 100/3 (data not shown). In contrast, dou-
ble-labeling for GGA1 and GGA2 gave much more coin-
cident patterns (see Fig. 3, e and f). Fig. 4, c and d, shows
cells double-labeled for FLAG-tagged GGA2 (c) and
g-synergin (d). Again, g-synergin is more dispersed than
GGA2 and the two patterns of dots are somewhat differ-
ent. By comparison, when cells are double-labeled for
g-adaptin and g-synergin, the two patterns are virtually
identical (Page et al., 1999). GGA1 and TGN38 also have
distinct distributions: the GGA1 labeling (Fig. 4 e) is more
punctate than the TGN38 labeling (Fig. 4 f), indicating
that it is found at discrete foci rather than throughout the
TGN compartment.
GGA1 was also localized at the electron microscope
level, both in intact cells and in cells that had been perme-
abilized by freezing and thawing, then incubated with ex-
ogenous cytosol plus ATP and GTPgS. Previously, we
have shown that this treatment stabilizes the membrane
association of proteins that are recruited onto membranes
in an ARF-dependent manner, such as AP-1 and AP-3
(Robinson and Kreis, 1992; Simpson et al., 1996). Al-
though GTPgS can cause mistargeting of AP-2 (Seaman et
al., 1993), this treatment does not affect the distribution of
most proteins, and we found that the localization of
GGA1 in GTPgS-treated cells was virtually identical to
that in control cells, both by immunofluorescence and by
immunogold EM (data not shown). The advantage of this
treatment is that cell membranes are much easier to visu-
alize in the electron microscope. Fig. 5 a shows an example
of such a cell labeled with anti-GGA1 followed by protein
A coupled to 15-nm gold. The labeling is associated with
Golgi membranes and with tubulovesicular membranes
near the Golgi stack. Clathrin-coated budding profiles can
often be seen in the same vicinity (Fig. 5 a, arrowheads).
Figure 3. Immunofluores-
cence localization of GGA1
and GGA2. NRK cells, ei-
ther nontransfected (a and c)
or stably expressing FLAG-
tagged GGA2 (b, d, e, and f),
were labeled with either an
affinity-purified rabbit poly-
clonal antibody against GGA1
(a, c, and e) or a mouse mAb
against the FLAG tag (b, d,
and f). Both proteins can be
seen to have a punctate dis-
tribution in the perinuclear
region of the cell (a and b, e
and f). The cells shown in c
and d were incubated with
100  mg/ml BFA for 2 min at
378C before fixation. Both
proteins have been redistrib-
uted to the cytoplasm. The
cells in e and f were double-
labeled. The two patterns ap-
pear to be coincident. Bar:
(a–d) 20 mm; (e and f) 14 mm.Hirst et al. Proteins with g-Adaptin and VHS Domains 73
These observations indicate that GGA1 is associated with
Golgi cisternae, particularly on the trans side, and with
the TGN.
Binding Partners for g-Adaptin, GGA1, and GGA2
What might be the functional significance of the homology
between the COOH-terminal domains of g-adaptin and
the GGA family? One possibility is that they might share
some of the same binding partners. To investigate this pos-
sibility, fusion proteins were constructed between GST
and the COOH-terminal domains of g-adaptin, GGA1,
and GGA2. GST pulldown experiments were then per-
formed with all three constructs, as well as with GST alone
as a control, using pig brain cytosol as a source of potential
binding partners. Fig. 6 shows that all three constructs
bring down bands that can be stained with Coomassie
blue. Three bands can be seen in the pulldowns using
GGA1 and GGA2 fusion proteins, with apparent molecu-
lar weights of z200, 160, and 56 kD (Fig. 6, arrows). Bands
of a similar size (labeled 2, 3, and 7), as well as a number of
additional bands, can be seen in the pulldown using the
g-adaptin fusion protein.
To try to identify some of these proteins, the bands
indicated with numbers were excised and subjected to
MALDI mass spectrometry. Only two of the bands could
be identified definitively: band 1 (MAP1A) and band 4
(rabaptin-5). Both of these proteins bound preferentially
to the g ear construct. Similarly, g-synergin, although it
could not be identified as a Coomassie blue-stained band,
was detectable by Western blotting and was found to bind
preferentially to the g ear (data not shown). Together,
Figure 4. Distribution of
GGAs compared with other
TGN-associated proteins. a–d,
NRK cells stably expressing
FLAG-tagged GGA-2 were
double-labeled with mouse
anti-FLAG antibody (a and
c) together with antibodies
against the g-adaptin sub-
unit of the AP-1 adaptor
complex (b) and g-synergin
(d). The patterns are similar,
but there is more peripheral
labeling with the anti–g-adap-
tin and anti–g-synergin anti-
bodies, and the actual patterns
of dots are generally distinct.
e and f, NRK cells were dou-
ble-labeled with an affinity-
purified polyclonal antibody
against GGA1 (e) and an
mAb against TGN38 (f).
Again, the patterns are simi-
lar, although the GGA1 label-
ing is more punctate than the
TGN38 labeling. Bar, 20 mm.The Journal of Cell Biology, Volume 149, 2000 74
these observations indicate that the g ear has multiple
binding partners, some of which are shared by the GGA
ears and some of which are not. Further details about the
ear binding partners are available at http://www.jcb.org/
cgi/content/full/149/1/67/DC1 as supplemental informa-
tion. 
Yeast Homologues of the GGAs
A search of the S. cerevisiae genome revealed that there
are two open reading frames that show significant homol-
ogy to the mammalian GGAs, Ydr358w and Yhr108w. Fig.
7 a shows the alignment of the two yeast sequences with
GGA1. The two yeast proteins are 49% identical to each
other, and each is z20% identical to each of the mamma-
lian GGAs. Like their mammalian counterparts, the yeast
proteins consist of conserved NH2-terminal and COOH-
terminal domains, separated by a variable hinge-like do-
main. In addition, both yeast open reading frames contain
VHS domains and two potential coiled coil domains, as
well as a g-adaptin homology domain; thus, the two open
reading frames are likely to encode the yeast orthologues
of the mammalian proteins, and we propose that the two
genes be called GGA1 (Ydr358w) and GGA2 (Yhr108w).
Schematic diagrams of the two yeast proteins are shown in
Fig. 7 b.
In an attempt to determine the functions of the yeast
proteins, the GGA1 and GGA2 genes were deleted both
Figure 5. Localization of GGA1 at the electron microscope level. NRK cells were permeabilized by freezing and thawing, then allowed
to recruit proteins from pig brain cytosol in the presence of ATP, an ATP-regenerating system, and GTPgS. Frozen thin sections were
labeled with an antibody against GGA1, followed by protein A coupled to 15-nm colloidal gold. Labeling can be seen to be associated
with the Golgi stack and with tubulovesicular membranes in the Golgi region. Clathrin-coated budding profiles can be seen in the same
vicinity (arrowheads), indicating that these membranes correspond to trans-Golgi cisternae and the TGN. Bar, 200 nm.Hirst et al. Proteins with g-Adaptin and VHS Domains 75
singly and together. The single knockouts of either yeast
GGA gene were completely viable and showed no obvious
phenotype. However, the double knockout strain exhib-
ited a mild, but significant, defect in the processing of the
vacuolar hydrolase, CPY. Pro-CPY is normally synthe-
sized as a p1 precursor in the ER, undergoes processing to
p2 pro-CPY in the Golgi complex, and is then transported
from a late Golgi compartment to a prevacuolar compart-
ment by its receptor, Vps10p. Here, the pro-CPY dissoci-
ates from Vps10p and is delivered to the vacuole where it
is proteolytically processed to the mature (m) form. Fig. 8
a shows the result of a pulse-chase experiment to look at
the processing of CPY in five different yeast strains. After
a 10-min pulse with 35S-methionine and a 30-min chase, in
the wild-type cells, 89% of the CPY was in the mature
form, while the remaining 11% was in the p2 precursor
form. Similar results were obtained in the cells where only
one of the GGA genes had been deleted (gga2D or gga1D).
In cells where the gene encoding the protein Vps35p had
been deleted (vps35D), which results in strong CPY mis-
sorting, 86% of the CPY was in the p2 precursor form and
only 14% in the mature form. In the yeast cells with both
GGA genes deleted (gga1D/gga2D), 28% of the CPY was
in the p2 form and 39% in the mature form, and in addi-
tion there was a pseudomature form, running between p2
and mature CPY.
To confirm that the CPY sorting defect is a result of
the double-deletion, the gga1D/gga2D strain was retrans-
formed with either wild-type GGA1 or wild-type GGA2
expressed at endogenous levels. Fig. 8 b shows that GGA1
restores CPY processing back to wild-type levels, and sim-
ilar results were obtained with GGA2 (data not shown).
We also attempted to see whether we could recover a
wild-type phenotype by transforming the cells with mam-
malian GGA2; however, the mammalian protein was un-
able to substitute for its yeast homologue (Fig. 8 b).
To examine the fate of the different forms of CPY in the
gga1D/gga2D strain, the cells were spheroplasted to release
proteins trapped inside the cell wall. Fig. 8 c shows that in
the wild-type cells, 98% of the CPY was retained intracel-
lularly in the mature form. In contrast, in the vps35D cells,
86% of the CPY was secreted in the p2 form. In the gga1D/
gga2D cells, 44% of the CPY was retained intracellularly,
mainly in the mature form, while the rest was secreted in
both the p2 and pseudomature forms. This result indicates
that the gga1D/gga2D cells exhibit true missorting rather
than a delay in processing and trafficking to the vacuole.
Further evidence for missorting rather than delayed pro-
cessing was obtained by carrying out a time course of
pulse-chase experiments. Fig. 8 d shows that immediately
after the pulse, the CPY was in the p1 form in all three
strains. After 15 min, the p1 form had disappeared in all
three strains and had been replaced either by the p2 form
Figure 6. COOH-terminal domain binding partners. Pig brain cy-
tosol was incubated with GST alone, with a GST fusion protein
containing the g-adaptin ear domain (GST-g), with a GST fusion
protein containing the GGA1 ear domain (GST-GGA1), or with
a GST fusion protein containing the GGA2 ear domain (GST-
GGA2), followed by glutathione-Sepharose. The samples were
subjected to SDS-PAGE and stained with Coomassie blue. The
arrows indicate bands that are brought down by all three fusion
proteins. The numbered bands were analyzed by MALDI mass
spectrometry.
Figure 7. Sequences, alignments, and domain organization of
two yeast GGAs. a, The complete protein sequences of yeast
Gga1p (Ydr358w) and yeast Gga2p (Yhr108w) aligned with
mammalian GGA1. The two yeast sequences are 49% identical
to each other, and each is z20% identical to each of the three
mammalian GGAs. b, Domain organization of Gga1p and
Gga2p. Like their mammalian counterparts, the yeast sequences
contain a VHS domain, two coiled coil domains (CC), a central
variable region, and a g-adaptin ear homology domain.The Journal of Cell Biology, Volume 149, 2000 76
alone in the vps35D strain, by the p2 form together with
the mature form in the wild-type strain, or by the p2,
pseudomature, and mature forms in the gga1D/gga2D
strain. After longer chase times, the protein remained in
the p2 form in the vps35D strain, whereas in both the wild-
type strain and gga1D/gga2D processing was essentially
complete by 30 min, although in the gga1D/gga2D strain
much of the protein remained in the p2 or pseudomature
form.
To characterize the nature of the defect further, we
looked at several criteria that have been used to group the
vacuolar protein sorting mutants into different classes.
The defect in the gga1D/gga2D strain appears to be specific
for the classical vacuolar protein sorting pathway, since al-
kaline phosphatase, which uses a different, AP-3 mediated
pathway to get to the vacuole (Cowles et al., 1997), is pro-
cessed normally and with wild-type kinetics (data not
shown). We also examined the processing and localization
of the CPY receptor, Vps10p. A number of vps mutants
with a relatively mild missorting phenotype, similar to the
one that we observe in the gga1D/gga2D strain, have been
shown to accumulate Vps10p in a prevacuoloar compart-
ment, called the Class E compartment, and in these cells
the Vps10p becomes proteolytically clipped and is de-
graded more quickly than in wild-type cells (Raymond et al.,
1992; Cereghino et al., 1995). However, we find that the
distribution of Vps10p is indistinguishable in the wild-type
and gga1D/gga2D cells (Fig. 9, a and b), and the turnover
time and electrophoretic mobility of Vps10p were also
found to be normal (data not shown). Some of the vps mu-
tants have been shown to be deficient in endocytosis,
which can be observed by monitoring the uptake of the
Figure 8. GGA-deficient yeast
have a vacuolar protein sorting
phenotype. a, Yeast cells were
pulse-labeled with Promix 35S for 10
min, chased for 30 min, immuno-
precipitated for CPY, and subjected
to SDS-PAGE. Yeast cells deleted
for either GGA gene alone show no
defect in CPY processing compared
with control wild-type cells. How-
ever, cells deleted for both genes
(gga1D/gga2D) accumulate more of
the p2 relative to the m form of
CPY, as well as a pseudomature
form of CPY. In cells deleted for
VPS35 ( vps35D), mainly the p2
form accumulates. b, Wild-type,
gga1D/gga2D, and vps35D cells were
transformed with either empty vec-
tor, yeast GGA1, or a cDNA en-
coding human GGA2 (hGGA2),
and were then assayed for CPY
processing as above. The yeast
GGA1 gene, but not the mamma-
lian cDNA, restores the wild-type
phenotype. c, CPY is secreted from
gga1D/gga2D cells. Yeast cells were
pulse-labeled as above, sphero-
plasted, and separated into intracel-
lular and extracellular fractions. CPY
was immunoprecipitated from both
fractions and subjected to SDS-
PAGE. The gga1D/gga2D strain
secretes CPY in the p2 and
pseudomature forms. This is in con-
trast to the wild-type cells, which do
not secrete CPY, and the vps35D
cells, which secrete CPY in the p2
form. d, Kinetics of CPY process-
ing. Yeast cells were pulse-labeled
with Promix 35S for 3 min, chased
for 0–60 min, and then immunopre-
cipitated for CPY and subjected to
SDS-PAGE. gga1D/gga2D cells lose
the p1 form with wild-type kinetics,
but then exhibit slow processing of
the p2 form and an accumulation of
the pseudomature form(s).Hirst et al. Proteins with g-Adaptin and VHS Domains 77
lipid-soluble styryl dye, FM4-64 (Vida and Emr, 1995).
This dye then becomes concentrated in the vacuole, so it
can also be used as a marker for vacuolar morphology. Fig.
9, c and d, shows that uptake of the dye appears similar in
the wild-type and gga1D/gga2D cells. However, the ap-
pearance of the vacuoles is different in the wild-type and
gga1D/gga2D cells. We scored 43% of the gga1D/gga2D
cells as having fragmented vacuoles, while 31% had one
large vacuole surrounded by a number of smaller vacuoles.
In contrast, when we examined the wild-type strain, .99%
had 1–3 vacuoles of normal appearance. Thus, in addition
to their CPY sorting defect, the gga1D/gga2D cells also
have a vacuolar morphology defect, similar to that re-
ported for class B and class F vps mutants (Raymond et al.,
1992).
Discussion
Here, we describe a novel family of proteins, conserved
between yeast and mammals, that contain an NH2-termi-
nal VHS domain, one or two potential coiled coil do-
mains, a variable hinge-like domain, and a COOH-termi-
nal domain homologous to the COOH-terminal domain of
g-adaptin. There are at least three such proteins in mam-
mals, GGA1, GGA2, and GGA3, and there are two in
yeast, Gga1p and Gga2p.
Because of the homology between g-adaptin and the
GGAs, we set out first to determine whether the GGAs
were associated with clathrin-coated vesicles or with the
AP-1 complex. We found that neither GGA1 nor GGA2
was enriched in clathrin-coated vesicles, nor did they
coimmunoprecipitate with any of the subunits of the AP-1
complex. Similarly, by both immunofluorescence and im-
munogold EM, the GGAs were found to have a distinct
distribution from AP-1, although they were in close prox-
imity on membranes of the TGN. In addition, deleting the
two GGA genes in yeast gives a different phenotype from
deleting AP-1 subunits or clathrin. Thus, yeast cells that
are deficient in both Gga1p and Gga2p missort CPY, but
endocytosis appears normal. In contrast, cells that are de-
ficient in clathrin have reduced endocytosis, but sort CPY
normally (Payne et al., 1988) (although, cells that are tem-
perature-sensitive for clathrin missort CPY immediately
after shifting them to the nonpermissive temperature, but
within 3 h normal sorting is resumed; Seeger and Payne,
1992). Deleting subunits of the putative AP-1 complex has
no discernible phenotype alone, although there are syn-
thetic effects in cells that are temperature-sensitive for
clathrin (Huang et al., 1999; Yeung et al., 1999). Together,
these results suggest that the GGAs function indepen-
dently from clathrin and AP-1.
The sequences of the GGAs provide additional clues
Figure 9. Localization of Vps10p
and vacuolar morphology in gga1D/
gga2D cells. a and b, Yeast cells
were transformed with a myc-
tagged Vps10p construct, then pre-
pared for immunofluorescence and
labeled with a mouse anti-myc anti-
body. The distribution of Vps10p is
similar in the wild-type (a) and
gga1D/gga2D cells (b), indicating
that the GGA genes are not class E
VPS  genes. b, Cells were pulse-
labeled with FM4-64 for 15 min,
chased for 60 min at 308C to label
the vacuole, and then immobilized
on a microscope slide. In the gga1D/
gga2D cells (d) the morphology of
the vacuole is significantly altered
compared with wild-type cells (c),
with highly fragmented vacuoles.
Scale bar: 10 mm (a and b); 8 mm (c
and d).The Journal of Cell Biology, Volume 149, 2000 78
about their function. At the extreme NH2-terminal end,
the proteins contain a VHS domain. This is the same posi-
tion where VHS domains are found in all other VHS-con-
taining proteins so far identified. Although the function of
the VHS domain is still unknown, it seems likely, based on
what is known about other domains with a similar degree
of conservation, that it interacts either with other proteins
or with lipids. It has been proposed that the VHS domain
may participate in the association of such proteins with
membranes, since a construct consisting of the first 205
amino acids of EAST, including the VHS domain (amino
acids 1–139), but not the coiled coil or SH3 domains, is suf-
ficient for localization to the plasma membrane (Lohi et al.,
1998). However, different VHS domain-containing pro-
teins localize to different membranes. Thus, EAST is
found on the plasma membrane, but Hrs is found on endo-
somes (Komada et al., 1997), and GGA1 and GGA2 are
found on trans-Golgi cisternae and the TGN. One possi-
bility is that multiple interactions participate in the local-
ization of VHS domain-containing proteins, one of which
may involve their VHS domains.
Downstream from the VHS domain, the GGAs all con-
tain one or two predicted coiled coil domains. Although
coiled coil domains are known to participate in protein–
protein interactions, the native molecular weight of GGA1
and GGA2, as determined by both gel filtration (Fig. 2 d)
and ultracentrifugation (Dell’Angelica et al., 2000), indi-
cates that they are monomeric. However, both of these
studies were performed on cytosol and it is possible that
the proteins form coiled coils with other proteins only
when they are associated with membranes. Immunopre-
cipitation experiments, carried out on cells extracted with
NP-40 rather than on cytosol, show that GGA1 and
GGA2 do not coprecipitate with each other, indicating
that they do not form heterodimers; however, they might
be forming homodimers, or heterodimers with some other
protein. The coiled coil domains also overlap with the
ARF-binding domains, as defined by Boman et al. (2000)
and Dell’Angelica et al. (2000).
The third recognizable domain on the GGAs is the
g-adaptin ear homology domain, found at the COOH-termi-
nal end. The a-adaptin ear has been shown to be the bind-
ing site for a number of accessory proteins that participate
in the endocytic pathway (Owen et al., 1999), and it seems
likely that the g ear plays a similar role in the AP-1 path-
way. Recently, we have identified a novel protein, g-syner-
gin, which binds to the g-adaptin ear, and here we show
that the g ear binds to a number of other proteins in GST
pulldown experiments. A subset of these proteins also
bind to the GGA ears in GST pulldown experiments, and
we are currently attempting to identify the common bind-
ing partners. At present, our working hypothesis is that
the COOH-terminal domains of the GGAs, like the
COOH-terminal domains of both a-adaptin and g-adap-
tin, serve to recruit accessory proteins onto a particular
compartment, in this case the late Golgi complex and TGN.
Are the GGAs coat proteins? Although this question
has yet to be formally addressed, several lines of evidence
suggest that they may be. They have a punctate distribu-
tion by immunofluorescence, and in the electron micro-
scope GGA1 is frequently seen associated with vesicular
profiles. The GGAs are sensitive to BFA, and so far, most
of the BFA-sensitive peripheral membrane proteins that
have been identified are either ARFs, coat components
(e.g., AP-1, AP-3, AP-4, and coatomer), or proteins associ-
ated with coat components (e.g., g-synergin). In addition,
the presence of the g-adaptin ear homology domain sug-
gests that, like the a-adaptin ear, this domain may recruit
proteins onto the membrane that are required for vesicle
budding. Finally, Dell’Angelica et al. (2000) have ob-
served coats on GGA3-positive membranes in micro-
graphs of transfected cells. Together, these observations
suggest that the GGAs may be components of a novel type
of coat, mediating the budding of vesicles from the trans-
Golgi cisternae and the TGN.
What might be the fate of such vesicles? The yeast
knockout experiments show that deleting the two GGA
genes causes cells to missort the vacuolar hydrolase CPY,
providing strong evidence for a role for the GGAs in the
delivery of proteins to the yeast vacuole and its mamma-
lian equivalent, the lysosome. Over 50 vacuolar protein
sorting genes in yeast have now been identified and char-
acterized by screening for CPY missorting, and the reason
that the GGA genes have not been identified as VPS
genes until now is presumably because they are function-
ally redundant, so that both of them need to be disrupted
to get a vps phenotype. The various VPS genes have been
grouped into different classes depending on a number of
criteria, including the strength of CPY missorting, the
morphology of the vacuole, the ability of the cells to sort
alkaline phosphatase, and whether or not endocytosis is
defective (Raymond et al., 1992). Most vps mutants ex-
hibit strong CPY missorting; however, the class E mutants
show z50% missorting (Cereghino et al., 1995), which is
the level that we find in the gga1D/gga2D cells. In addition,
the gene encoding the VHS domain-containing protein
Vps27p is a class E gene (Piper et al., 1995). Thus, our ini-
tial hypothesis was that GGA1 and GGA2 might also be
class E genes. The hallmark of the class E mutants is the
presence of one or two large compartments adjacent to the
vacuole, called class E compartments. The class E com-
partment accumulates proteins that are normally resident
in the vacuole or in the Golgi complex, including Vps10p,
which becomes proteolytically clipped (Cereghino et al.,
1995). However, we find that Vps10p has a normal size
and distribution in the gga1D/gga2D cells, indicating that
the GGA genes are not class E genes.
In addition to the CPY missorting phenotype, the gga1D/
gga2D strain has a severe vacuolar morphology defect.
Many of the cells were found to have fragmented vacuoles,
while other cells had one large vacuole surrounded by sev-
eral smaller vacuoles. Fragmented vacuoles are found in the
class B mutants, while large vacuoles surrounded by smaller
ones are characteristic of the class F mutants (Raymond et
al., 1992). However, both class B and class F mutants have a
much stronger CPY missorting phenotype than we observe
in the gga1D/gga2D mutants. Thus, it is difficult to assign
GGA1 and GGA2 to any of the classes of VPS genes. It is
possible that they may be acting at a different step from any
of the genes so far described. Further studies, making use of
triple mutants, where not only GGA1 and GGA2 have been
deleted, but also one of the well characterized VPS genes,
should help to define the phenotype further. We also intend
to knock out the GGA genes together with the genes encod-Hirst et al. Proteins with g-Adaptin and VHS Domains 79
ing clathrin and/or the g-adaptin homologue Apl4p, to see if
the phenotype is exacerbated. Since our hypothesis is that
there are accessory proteins that are required for sorting to
the vacuole, which can be recruited onto the membrane by
binding either to g-adaptin or to one of the Gga proteins,
then by knocking out all three we may completely block
CPY sorting.
Although there is still much that we do not know about
the GGA family of proteins, the ability to study these pro-
teins in both mammals and yeast has allowed us to learn
much more about their function than would have been
possible with either system alone. Morphological studies
are much easier to perform in mammalian cells than in
yeast, because of their larger size and the better defined
morphology of their organelles. By localizing GGA1 and
GGA2 in mammalian cells at both the light and the elec-
tron microscope level, we have demonstrated that the pro-
teins are recruited onto trans-Golgi cisternae and the TGN.
However, simply localizing the proteins does not tell us
their function. By analyzing the phenotype of GGA-defi-
cient yeast, we have shown that they are involved in vacu-
olar protein sorting. However, a large number of VPS genes
have been described in yeast, and in many cases it is not
known at what stage the proteins act: whether they are re-
quired for vesicle budding, docking, or fusion, and whether
they participate in trafficking from the late Golgi to a pre-
vacuolar endosomal compartment, from the prevacuole to
the vacuole, from the prevacuole back to the Golgi, or at
some other step. By combining data from both yeast and
mammalian systems, we can conclude that members of the
GGA family are recruited late Golgi membranes and that
from there they facilitate the trafficking of proteins that are
destined for the vacuole or lysosome.
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